The phase unwrapping procedure is the most important step to achieve high accuracy, high resolution three-dimensional (3-D) shape data of objects. Among numerous techniques of phase unwrapping, the region-based algorithms are outstanding, which provide a trade-off between robustness and the computational complexity. However, there is indeed a weakness in the region-based algorithms that the unwrapped data may be incorrect due to the wrapped process generating the same wrapped data of two different areas. To overcome these problems, we propose a novel phase-unwrapping method which depended on region-based methods and quality guided techniques. First, in principle the whole procedure of generating, capturing images and three-step phase-shifting algorithm are introduced and analyzed in detail. Then, the size of the region can be calculated automatically to divide the wrapped image into homogenous areas.
1． INTRODUCTION
Three-dimensional (3-D) shape reconstruction of objects has become one of the most active research areas in recent years. Numbers of techniques have been developed and in-depth studied, such as binocular stereo vision, photometric stereo method, time of flight(TOF), etc [1] . Among all the techniques, the fringe projection methods, like phase-shifting, have been extensively used because of the high resolution, high precision and easy implementation [2] [3] . It is common in phase-shifting method that the phase is obtained by means of an arctangent function. mathematical method are in range of -π to π. This process is called phase wrapping, which presents phase discontinuities [4] . Phase unwrapping, on the other hand, is the procedure by which the 2π discontinuities are removed and a smooth phase map is generated [5] . It is a necessary step to obtain 3-D shape data.
Many different algorithms have been developed to improve the precision and speed of unwrapping, but a method suit for any case does not exist. It seems that phase unwrapping is a simple problem to deal with. But when working in real cases, many different issues, such as discontinuities, under sampling and high local variations of signal-to-noise ratio must be taken into consideration.
The unwrapping algorithms exist now can be classified into global algorithms, path-following algorithms, and region algorithms [6] .The global algorithms formulate the unwrapping algorithm in terms of minimization of a global function [7] .
This kind of algorithms is robust but computationally intensive. The path-following algorithms are the process that unwrap the phase data along a path determined by a quality map. The quality guided path algorithm is one of them which unwrap the phase depending on the pixels' quality achieved by calculating signal-to-noise ratio or detection of edges. It can provide a guidance to prevent errors propagation. This algorithm is computationally efficient but not robust [8] . The region algorithms divide wrapped phase image into areas within which the phase data is continuous. Each of the regions will be processed separately. The region-based algorithm is the main group of this kind of methods [8] . This algorithm provides a trade-off between robustness and the computational complexity. But there is indeed a weakness in the region-based algorithm that the unwrapped data may be incorrect due to the wrapped process generating the same wrapped data of the two different areas.
This paper presents a new algorithm whose design is the combination of region-based algorithm and quality guided path algorithm. The proposed algorithm can maintain the efficiency of region-based algorithm and improve the robustness.
The detail is introduced in section 2. Experiment results are shown and explained in section 3.
PRINCIPLES
In our algorithm, there are three main steps: the generation of wrapped phase data, the division of wrapped image into regions and the detection of 2π multiple in region combination. These steps are explained in detail in this section.
The procedure of 3d surface reconstruction
The procedure of 3-D surface reconstruction is described as follows: projecting different phase-shift patterns onto the measured object by a DLP(Digital Light Procession) projector, capturing each patterns by a CCD(Charge-coupled Device) camera, calculating the wrapped phase data of each pixel, unwrapping the wrapped phase, mapping the phase to height.
Throughout our research the three-step phase-shifting algorithm [4] is used to calculate the wrapped phase. Three different fringe patterns with phase shift of 2π/3 are projected. Assuming that the captured images can be represented by
Where ( , )
k I x y are the intensity of captured image, 1 ( , ) I x y is the average intensity, 2 ( , ) I x y is the intensity modulation.
The phase term can be derived by solving Eq. (1) 
Iso-phase unwrapping algorithm
The wrapped phase data is discontinuous and need to be unwrapped. Because of the low execute time and robustness the iso region-based unwrapping algorithm is deeply studied [9] . With this algorithm the wrapped image can be divided into regions. The phase discontinuities should be eliminated during the regions combination. Here, one-dimensional phase wrapped data with the range of -π to π is divided into six intervals, the size of each is π/3, as shown in Figure 1 . Figure. 1 Division of one-dimensional wrapped phase Two-dimensional iso-phase unwrapping algorithm is the extension of the principle explained above. As with the same strategy, the image can be divided into groups within which the phase values belong to the same interval [9] . Each group is considered as a whole entity, and no more operation is needed in the group. This algorithm can be illustrated by Figure   2 . (a) is the original simulated phase data, (b) is the wrapped phase data of (a) got by using arctangent function, (c) is the groups generated by the two-dimensional iso-phase unwrapping algorithm, there are six intervals in each group with the interval size of π/3.
The size of the interval is a crucial parameter. With larger size, few groups will exist, and the groups may include errors that can't be detected. With smaller size, a great number of groups will lead to the unwrapping process time consuming.
In our method, the size is determined by calculate the mean number of pixels of a wrapped fringe in an image. If the mean number is n pixels, the size of interval is n/6, means that there are an average of 6 pixels in an interval [9] .
It is obvious that the iso-phase unwrapping algorithm is simple and time saving. However, the unwrapped data may be incorrect due to the wrapped process generating the same wrapped data of two different areas. This weakness can be explained in Figure. 2(c), the areas in squares are divided into same intervals, but actually they are different ones as shown in Figure. 2(a). This may lead to the unwrapped errors in further process, as shown in Figure. Figure. 2 Two-dimensional iso-phase method and its unwrap result
The proposed phase unwrapping algorithm
Through analyzing of experiment we know that the error regions exist in the areas where there are edge discontinuities and noise. Suppose that if these regions could be detected before division, the errors may be reduced. Then a new phase unwrapping method is proposed as follows. First, calculate the quality map of wrapped image. Second, divide the wrapped phase into groups with the aid of the quality map. Third, join groups by adding or subtracting a multiple of 2π to or from the pixels to remove the difference.
There are many criterions can be used to calculate the quality of pixels [10] . In this paper, the second differences method is selected because of the better result in detection of discontinuities [11] . The quality of pixel (i,j) can be calculated by
Where Q(i,j) is the quality value of point (i,j), and others can be calculated by the equations:
Where ( ψ is an unwrapping operation expressed by equation (8) . It is used to remove the 2π steps between two consecutive points.
The higher values the quality map has, the more possibility of discontinuities exist. A binary map is obtained by the use of a threshold on quality map. Figure 3 shows the binary quality map of Figure 2 calculated by the second differences. Figure 4 is the group image divided by iso phase method with binary quality map. The threshold has great influence on region division. It may affect the unwrapping results and execution time. In our algorithm, the threshold is calculated according to the statistics of the quality map and the better understanding of image is important for unwrapping [12] . Figure. 3 Binary quality map Figure. 4 Binary quality map used to divide wrapped phase
The joining process that combines neighbor regions to detect 2π multiple difference is the main step of our method. In joining process, the regions to be joined are chosen by the size of the boundary. The joining direction is determined by comparing mean quality of each region, lower region will be added to higher region to form a new larger one. The process can be expressed as 1). Calculating the size of boundary of each neighbor regions.
2). Choosing the two regions with the largest boundary size.
3). Figuring out the mean quality of each region chosen in step 2. The mean quality of region is calculated by adding each pixel's quality in a region and dividing the number of pixels.
4). Picking out two pixels from each region to detect and resolve the 2π discontinuities.
5). Joining the two regions to form a new one.
6) Discarding the boundary resolved.
7). While boundaries exist. Turning to step 2 and dealing with other regions with the same method.
The criterion of 2π multiple ratios between two neighbor regions can be computed by equation (9): 
